Introduction
Many organic halogenated compounds are recognized as being environmental contaminants, including substances, such as PCBs (insulating oil component), with a history of industrial applications. 1, 2 Recently, environmental contamination has been reported as being due to emissions and leakage of these organic halogenated compounds, thus becoming a social issue. In response, legal regulations pertaining to such emissions are being reinforced.
Given this background, methods are needed for the on-line monitoring of organic halogenated compounds contained in gases within waste-treatment facilities (PCBs processing installations, etc.) and the atmosphere of the surrounding environment. However, the conventional method involves a number of preparatory steps and time-consuming analysis. For PCBs, the application of the gas sampling + GC-MS (gas chromatograph-mass spectrometry) method requires an analytical time of 2 -3 days. This makes the development of a rapid analysis method desirable.
Recent years have seen considerable research activity using ultrasonic molecular jet-type laser ionization as a technique for on-line analysis. [3] [4] [5] [6] [7] [8] Laser ionization utilizes the resonanceenhanced multi-photon ionization (REMPI) method, which features molecular selectivity and enables fragment-free ionization. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The authors of the present report have developed an online monitoring method using ultrasonic jet-type laser ionization TOFMS (time of flight mass spectrometry), and have confirmed the usefulness of this method with respect to PCBs. 8 Because an extremely large number of molecules exist in environmental gas, the requirement is for a method that is for relatively large molecular selectivity in a short time, so as to enable the rapid analysis of trace concentrations. In recent years, ion-trap devices have been used in conjunction with mass spectrometers, allowing tandem mass spectrometry and ion storage. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In the research presented here, a dynamic trapping TOFMS method was developed by combining an ion-trap function with gas direct introduction-type laser ionization (offering molecular selectivity and fragment-free operation LI-IT-TOFMS (laser ionization/ion-trap storage/time-of-flight mass spectrometry) is expected to be a powerful tool for environmental monitoring. In the research reported here, real-time LI-IT-TOFMS measurements were carried out on gaseous 2 -4 chlorinated PCBs in order to evaluate the applicability of an environmental monitoring method. With respect to ion-trap storage for PCBs, we found that the effect was due to the driving RF voltage on the ring electrode in the ion trap. For PCBs ions produced by laser irradiation, we observed that it was more efficient to reach the center of the ion trap by using a gated RF voltage rather than by using a continuous RF voltage. The ion trajectories in the ion trap were simulated by SIMION 7.0. We found that the voltage of the exit end cap electrode affected both the number of ions trapped and the orbit of ions inside the trap cell. Optimization of this parameter was performed using both simulated and experimental results. The achievable PCBs sensitivity for real-time (1 min) measurement using the LI-IT-TOFMS method was found to be in the pptV range (<0.01 mg/m 3 N) by means of a comparison with the conventional gas sampling/GS-MS method. A satisfactory proportional relationship was confirmed between the laser-based and conventional results. given to the high sensitivity required for the rapid analysis of organic halogenated compounds. The applicability in this context was confirmed. Other findings presented here include the efficient trapping of laser-ionized PCBs ions using the dynamic trapping TOFMS method, as well as a simulation of electric field control conditions for efficient trapping, and an observation of the effectiveness of reducing the speed of the ions introduced into the trap apparatus. The measurement of 2 -4 chlorinated PCBs proved to be possible, and the measurement sensitivity at the pptV level was obtained for 1 min (measurement time). It was concluded that the developed method is sufficiently applicable for work-environment gas monitoring in PCBs processing facilities.
Principle
The laser-ionization dynamic-trapping TOFMS method combines ion-trapping storage with gas direct introduction-type laser-ionization TOFMS. Figure 1 presents an overview of the dynamic trapping TOFMS method. The sample gas is directly introduced into the measurement apparatus, and selectively ionized by laser ionization. The thus-generated ions are retained in the trap by means of dynamic trapping, and the target molecules are separated and concentrated. The ions released from the trap are then subjected to mass spectrometry by TOFMS for the identification of molecular weights and quantification of the concentrations.
Gas direct introduction-type laser ionization
The ionization method used in the work reported here consists of resonance-enhanced two-photon ionization, preceded by direct introduction of the sample gas into a vacuum chamber. In this method, the laser wavelength is set so as to be equivalent to the excited energy of the chemical species to be measured, such that only the measurement sample is excited. The chemical species having undergone a transition to an excited state, experiences a further transition to an ionized state, resulting in ion generation (The gas direct introduction-type laser ionization method, is explained in greater detail in Refs. 3 -8) .
Dynamic trapping
The ion-trap device is a type of quadrupole mass spectrometer. It features two hyperboloidal end-cap electrodes (the entrance end cap and the exit end cap), with a ring electrode sandwiched in between the end-cap electrode. 26 The application of an RF high-frequency field to the ring electrode creates a circumferential trajectory for the ions inside the ion trap, thus retaining them. The trapped ions are held in a region that obeys the Mathieu formula. 23 In cases where the phase differential between the end-cap electrode and the ring electrode is substantial, it becomes difficult to introduce ions into the trap, resulting in a poor trapping efficiency. With laser ionization, in particular, because ionization is conducted using laser pulses, it is necessary to time the introduction of the ions so that the phase differential is small. Accordingly, the dynamic trapping method was selected as an effective means for resolving this issue in the current project.
In the dynamic trapping method, the RF voltage applied to the ring electrode when ions are introduced to the trap is either off or set to a low level, and is then gradually raised so as to trap the ions. Figure 2 presents RF waveform diagrams for an ordinary trap and for a dynamic trap. As indicated in the figure, ions can be introduced into the dynamic trap when the RF voltage value is low, enabling highly efficient ion trapping. 35, 36 Also, in cases where the velocity of ions introduced into the trap is high, the circumferential trajectory inside the trap becomes unstable, and a sufficient trapping efficiency cannot be obtained. Velocity reduction would allow a stable trajectory, with higher efficiency. A method was therefore considered for velocity reduction and for the achievement of greater efficiency, applying a direct voltage to the exit end-cap electrode. The sample in the form of a bb was ionized by laser irradiation, using a YAG laser device (Tokyo Instruments Inc., PL-2240). The pulse duration was 100 ps, with a pulse repetition rate of 500 Hz. After passing the fundamental light of the YAG laser through a KDP crystal (K*H2PO4), to generate the second harmonic (wavelength of 532 nm), a BBO crystal (β-BaB2O4) was used to obtain 266 nm laser light. The output for the 266 nm wavelength was 300 mW.
Experimental
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ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 After accelerating the ions by applying 10 V to the electrode, they were introduced into an ion-trap apparatus (R. M. Jordan Co., Inc., Quadrupole Ion Trap C-1251) by means of dynamic trapping. In order to cool the ions, helium gas (pressure, about 3.0 × 10 -6 Torr) was introduced into the trap. Upon following the ion concentration using a ring electrode (RF frequency of 1 MHz, and RF voltage of 1600 V) inside the trap, a pulsed voltage was applied to the end-cap electrode with a high-voltage pulse generator (Directed Energy, Inc., PVM-4140). In this manner, the concentrated ions were released into the flight tube. The released ions were subjected to uniform motion in the flight tube and, after being reflected by the reflector, were detected by the ion detector (R. M. Jordan Company, Inc., 25 mm Z-Gap Multi-Channel Plate). The detected signal was amplified to a pre-amplifier (Stanford Research Systems Inc., 300 MHz Preamplifier SR 445), after which a 1 min data integral calculation was performed using a photon counter (Stanford Research Systems Inc., Multichannel Scaler/Averager SR 430). The processed data was then further calculated using a computer (Gateway, GK-7) to yield the degree of the sample concentration.
A PCBs standard sample (Kaneka, KC-300) was used. KC-300 consists mainly of 2 -4 chlorinated PCBs. The KC-300 sample was placed in a container and held at around 300 -325˚C to produce PCB vapor. This vapor was mixed with balance gas (nitrogen), and the PCB gas concentration was quantified by gas sampling + GC-MS analysis. In addition, SIMION 7.0 (Tech Science) was utilized as a simulation tool for the ions inside the trap device. Figure 4 presents the TOFMS mass spectra for PCBs with and without using the dynamic-trapping method. The vertical axis represents the signal intensity, while the horizontal axis shows the mass number. KC-300 was used as the measurement sample. As indicated in the figure, 2 -4 chlorine PCBs were confirmed to have been measured. Compared to ordinary trapping, it was confirmed that the signal intensities for 2 -4 chlorinnated PCBs increased when the dynamic trapping method was applied. These increases in intensity for 2 -4 chlorine PCBs were by factors of 11.6, 11.2, and 12.1, respectively. In the case of ordinary trapping, because the phase differential between the end-cap electrode and the ring electrode is large, the efficiency at which ions are introduced into the ion trap is reduced. In contrast, dynamic trapping features the timed introduction if ions into the apparatus when the phase differential is small, enabling greater efficiency. This results in an improved signal intensity when using dynamic trapping, as compared to ordinary trapping. Figure 5 presents the electrical field distribution when a positive voltage of 20 V was applied to the exit end cap of the ion trap, with the contour of the electric field shown at 2 V intervals. The ions were introduced through a hole in the entrance end-cap electrode, and then slowed by resistance caused by the field applied to the exit end-cap. They started to move in the opposite direction. In order to increase the iontrapping efficiency of the apparatus, it would be desirable to 1113 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 Fig. 3 Laser-ionization dynamic-trapping TOFMS experimental setup. The sample (PCBs gas) was introduced as an effusive molecular beam, and ionized by laser irradiation. After ions were accelerated by an electrical potential and concentrated by the iontrapping device, they were subjected to uniform movement inside the flight tube. Ions were detected by the MCP detector. The signal of the detector was amplified, counted by the ion counter, and then stored as data in a computer. converge the ion trajectories near the center of the trap. That is, it is necessary for the amount of ion movement near the center of the trap to be zero. In order to address this, the timing of ion introduction into the trap was changed, and conditional optimization was performed by simulating the ion trajectories. Figure 6 shows the results of this simulation. In Fig. 6(a) , because the timing is appropriate, the amount of ion movement at the near the center is zero. Accordingly, it can be confirmed that the ion trap trajectories are satisfactorily converged at the center. In comparison, in Fig. 6(b) , because the amount of ion movement near the center is not zero, it can be seen that trajectory convergence is poor. Figure 6 also shows the TOFMS mass spectra corresponding to the simulation conditions for (a) and (b). In the case of (a), where the trajectories are converged near the center, the PCB measurement signal intensity is confirmed to have increased. Comparing the rate of increase to the results for the application of dynamic-trapping, indicated in Fig. 6 , sensitivity increased for 2 -4 chlorinated PCBs by factors of 2.5, 2.9, and 4.4, respectively. It was also ascertained that the mass resolution of the measurement signal increased as well. This suggests that the ions were appropriately converged in the trap. Based on the foregoing, the optimized ion simulation enabled an improved ion trapping efficiency for the ion-trap device.
Results and Discussion
Dynamic trapping results
Improved ion-trapping efficiency through ion simulation
Measurement sensitivity evaluation
A measurement sensitivity evaluation was undertaken based on the mass-spectra measurement results in Fig. 6(a) . The PCB concentration in gas, as determined using the gas sampling + GC-MS method of analysis, was found to be 0.18 mg/m 3 N. The detection limit, identified for S/N = 3, was 0.117 µg/m 3 N (= 12 pptV), which is a sufficient sensitivity for work-environment monitoring in PCB treatment facilities. Figure 7 presents the results of a measurement accuracy evaluation according to gas sampling + GC-MS analysis. The horizontal axis shows the analysis results for the gas sampling + GC-MS method, while the vertical axis indicates those for laser ionization dynamic-trapping TOFMS measurement. A proportional relationship was confirmed, with an accuracy of within 30% standard deviation. The evaluation results thus show that the laser-ionization dynamic-trapping TOFMS method is applicable for environmental monitoring.
Conclusion
The applicability of the laser-ionization dynamic-trapping TOFMS method for environmental monitoring was evaluated, and the following results were obtained.
1) Compared to ordinary trapping, the use of dynamic trapping enabled an increased ion signal intensity by a factor of greater than 10. 2) The application of an ion simulation enabled optimization of the conditions such that the ion-trap trajectories converged near the center of the apparatus, thereby raising the ion trapping efficiency. Optimization of this parameter was performed using both simulated and experimental results.
3) The PCBs measurement sensitivity was calculated based on the results noted in 1) and 2) above, and sufficient sensitivity, i.e., in the pptV range, was obtained with a measurement duration of 1 min. The PCBs measurement accuracy was also evaluated, and good agreement was found with the results of the gas sampling + GC-MS method (accuracy of within 30% standard deviation). ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 Fig. 7 Satisfactory proportional relationship confirmed between laser-ionization dynamic-trapping TOFMS and gas sampling GC-MS. The standard deviations between both sets of results were within 30%. This agreement is generally satisfactory for the atmosphere of the work environment in PCBs disposal plants.
